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Purpose:  To compare  lung  nodule  detection  performance  (LNDP)  in  computed  tomography  (CT)  with
adaptive  iterative  dose  reduction  using  three  dimensional  processing  (AIDR3D)  between  ultra-low  dose
CT (ULDCT)  and  low  dose  CT (LDCT).
Materials  and methods:  This  was  part  of  the  Area-detector  Computed  Tomography  for  the  Investigation
of  Thoracic  Diseases  (ACTIve)  Study,  a  multicenter  research  project  being  conducted  in Japan.  Institu-
tional  Review  Board  approved  this  study  and  informed  consent  was  obtained.  Eighty-three  subjects
(body  mass  index,  23.3  ±  3.2)  underwent  chest  CT  at 6 institutions  using  identical  scanners  and  pro-
tocols.  In a  single  visit,  each  subject  was  scanned  using  different  tube  currents:  240,  120  and  20  mA  (3.52,
1.74  and  0.29  mSv,  respectively).  Axial  CT  images  with  2-mm  thickness/increment  were  reconstructed
using  AIDR3D.  Standard  of  reference  (SOR)  was  determined  based  on  CT images  at  240 mA  by  consensus
reading  of 2 board-certiﬁcated  radiologists  as  to the  presence  of  lung  nodules  with  the  longest  diameter
(LD)  of more  than  3  mm.  Another  5  radiologists  independently  assessed  and  recorded  presence/absence
of  lung  nodules  and their locations  by  continuously-distributed  rating  in  CT images  at 20 mA (ULDCT)
and  120  mA  (LDCT).  Receiver-operating  characteristic  (ROC)  analysis  was  used  to evaluate  LNDP  of  both
methods  in  total  and  also  in  subgroups  classiﬁed  by LD (>4,  6  and  8 mm)  and  nodular  characteristics
(solid and  ground  glass  nodules).
Results:  For  SOR,  161  solid  and  60 ground  glass nodules  were  identiﬁed.  No signiﬁcant  difference  in  LNDP
for  entire  solid  nodules  was  demonstrated  between  both  methods,  as  area  under  ROC  curve  (AUC)  was
0.844  ±  0.017  in  ULDCT  and  0.876  ± 0.026 in  LDCT  (p  = 0.057).  For  ground  glass  nodules  with  LD  8  mm
or  more,  LNDP  was  similar  between  both  methods,  as  AUC  0.899  ± 0.038  in  ULDCT  and  0.941  ±  0.030  in
LDCT.  (p  =  0.144).
∗ Corresponding author. Tel.: +81 775643885.
E-mail address: yatsushi@belle.shiga-med.ac.jp (Y. Nagatani).
ttp://dx.doi.org/10.1016/j.ejrad.2015.03.012
720-048X/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
icenses/by-nc-nd/4.0/).
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Conclusion:  ULDCT  using AIDR3D  with  an equivalent  radiation  dose  to chest  x-ray  could  have  comparable
LNDP  to LDCT  with  AIDR3D  except  for smaller  ground  glass  nodules  in  cases  with  normal  range  body
habitus.
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. Introduction
National Lung Screening Trial (NLST) had demonstrated that
creening with the use of low-dose computed tomography (LDCT)
educes lung cancer mortality rate compared with chest X-ray
1]. The guideline recently issued by the American Cancer Society
ecommends the initial screening with low-dose CT for apparently
ealthy current and former smokers within the age range of 55
o 74 years [2]. However, carcinogenesis is a stochastic inﬂuence of
adiation, and its probability increases with effective radiation dose
nd further reduction of the radiation dose without losing image
uality would be desirable [3,4].
Image noise is inversely increased with radiation dose reduc-
ion. To overcome this dilemma, various image reconstruction
ernels and ﬁlters have been developed in conjunction with ﬁl-
ered back projection (FBP). However, standard FBP algorithms
ave major deﬁcits related to noise reduction because they do not
onsider certain optical chain details [5,6]. Indeed, these recons-
ructions yield a signiﬁcant increase of image noise in case of
xcessive dose reduction [7]. Iterative reconstruction algorithms,
uch as Sinogram Afﬁrmed Iterative Reconstruction by Siemens
ealthcare [8,9] and Model Based Iterative Reconstruction (MBIR)
y GE Healthcare [10,11] provide images with less noise compared
ith ﬁltered back projection algorithm regardless of the necessary
onger image reconstruction time [12,13].
Adaptive Iterative Dose Reduction using Three Dimensional
rocessing (AIDR 3D) by Toshiba Medical Systems takes account
f electrical noise and photon number to estimate projection noise
n LDCT and its advantage has been also recognized for chest CT.
14–16]. We  demonstrated in a previous prospective study that
cans with AIDR 3D at 60 mA  (0.63 mSv) were superior or equiv-
lent to those without AIDR at 120 mA  (1.26 mSv) in terms of
mage quality for various patterns of lung diseases including bron-
hiolitis and diffuse lung disease [17]. Greater reduction of the
adiation dose can be also realized for the purpose of lung nodule
etection. It is presumed that ultra-low-dose CT (ULDCT) using a
adiation dose level equivalent to chest X-ray with iterative recon-
truction technique could preserve nodular detectability on chest
T images and represent an alternative screening method of lung
ancer. ULDCT with MBIR(0.20 mSv) showed detection sensitivity
omparable to LDCT with adaptive iterative reconstruction, with
espect to pulmonary nodules including relatively larger non-solid
odules, which mean size is 8.0 mm in ground glass nodules and
1.3 mm in part-solid nodules [18]. To the best of our knowledge, no
rospective multi-center clinical studies assessing the diagnostic
erformance of ULDCT using AIDR 3D including sub-groups analy-
es based on the nodular size and characteristics with considerable
odule numbers have been performed.
The purpose of this study is to compare lung nodule detectability
LND) with AIDR 3D between ULDCT (20 mA)  and LDCT (120 mA)  in
he total study population and sub-groups classiﬁed by the nodular
ongest diameter (>4 mm,  >6 mm and >8 mm)  and nodular charac-
eristics (solid and ground glass nodules).
. Materials and methodsThis study was conducted as part of the Area-detector Computed
omography for the Investigation of Thoracic Diseases (ACTIve)
tudy, an ongoing multi-center research project in Japan. Theblished  by Elsevier  Ireland  Ltd. This is  an open  access  article  under  the  CC
BY-NC-ND  license  (http://creativecommons.org/licenses/by-nc-nd/4.0/).
research committee of the study project outlined and approved our
study protocols. The Institutional Review Board of each institution
approved this study, and written informed consent was  obtained
from all the participants.
2.1. Study populations
From December 2012 to March 2013, a total of 112 sub-
jects were initially enrolled in this study at six institutions: Kobe
University, Ohara General Hospital, Osaka University, Tenri Hos-
pital, Shiga University of Medical Science and University of the
Ryukyus. Twenty-nine patients were excluded due to various rea-
sons; ﬁnally, 83 subjects were evaluated in this study, including 42
females and 41 males, with a mean age of 63.9 ± 12.0 years (Fig. 1).
2.2. Image data acquisition
During a single visit each, the 83 subjects underwent plain
64 chest CT (64-row helical mode) using identical 320-row
MDCT scanners (Aquilion ONE, Toshiba Medical Systems, Otawara,
Tochigi, Japan). Each subject was  scanned three times using dif-
ferent tube currents (240, 120 and 20 mA)  with the same rotation
time (0.35 s). Thus, an effective tube current for patient exposure of
84, 42 and 7 mA s was obtained using this short rotation time. Scan-
ning ﬁeld of view (FOV) was selected from two  settings on the basis
of the patients’ body habitus, 400 mm (large) and 320 (medium).
Other scanning and reconstruction parameters were ﬁxed: tube
voltage = 120 kVp; collimation = 0.5 mm;  beam pitch = 0.828 (heli-
cal pitch 53) and reconstruction kernel: FC52. Scan data were
converted to CT images using AIDR 3D, and 3 CT series with AIDR 3D
were made for each patient. The AIDR 3D mode did not require addi-
tional processing time; thus, CT images acquired with AIDR 3D were
created as soon as data scanning was  completed. All 249 CT series
(3 series × 83 subjects) were anonymized and stored in a worksta-
tion viewer connected to the CT console. CT scans obtained at 20 mA
and 120 mA with AIDR 3D were deﬁned as ULDCT and LDCT, respec-
tively. In addition to LDCT and ULDCT, images at 240 mA with AIDR
3D were also obtained to be used for the SOR of the presence of pul-
monary nodules in this study. It is because summed radiation doses
in the three CT series was  lower than the standard radiation dose
used during single chest CT examination before the introduction
of the 320-row CT scanner in any of 6 institutions that partici-
pated this study, and also because the summed radiation dose was
smaller than the guidance level for abdominal CT provided by Inter-
national Atomic Energy Agency based on the recommendations of
the International Commission on Radiological Protection [19].
CT dose index volumes (CTDIvol) were deﬁned by patients’
proportion. The effective dose was retrospectively calculated by
multiplying the dose-length product values based on CTDIvol by a
factor of 0.017 [20].
2.3. Objective measurement in the lung ﬁeld
All quantitative analyses were performed using Image J soft-
ware, Version 1.43 (Rasband W.S., Image J, U.S. National Institute
of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/,
1997–2008) on a personal computer by a single board-certiﬁcated
radiologist (Y.N. with 13 years of experience). Because the mea-
surements should be done at comparable regions in the lung
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eld, the 3 CT scans with AIDR 3D and CT scan at 20 mA without
IDR 3D were displayed simultaneously in a side-by-side fashion.
herefore, this observer was aware of the scanning protocol for
ach image data. Objective image noise (i.e, standard deviation)
as measured at the level of lung apics, carina, inferior pulmonary
eins and lung bases. Thus, 1328 ROI measurements (4 series × 4
evels × 83 patients) were totally performed (Fig. 2).
.4. Nodule detection study
Five board-certiﬁcated radiologists (M.K, T.Y, H.K, T.M. and
.S., with 16, 11, 11, 10, and 10 years of experience, respec-
ively) independently assessed ULDCT and LDCT images for the
resence/absence of non-calciﬁed pulmonary nodules including
round-glass nodules. These observers were instructed that CT
mages included cases both with nodules and without and that
ases with multiple nodules (less than 10) were included. They
ere blinded to the scanning protocols and the patients’ clinical
nformation and were allowed to adjust the window level accord-
ng to their individual preference and to change the image size.
hese observers were asked to mark the pulmonary nodules that
et  the three criteria on the monitor: (1) the longest diameter (LD)
f 3 mm or more; (2) an aspect ratio of less than 3; and (3) the ratio
f height to base of 1 or more in a pleura-based lesion (Fig. 3), by
utting the cursor beside the detected nodules and recording the
onﬁdence level for its existence by a continuous rating scale. They
ere also allowed to measure the nodular size on the monitor.
rior to the reading experiment, the observers were instructedudy population.
to ignore abnormal ﬁndings that are not in apparently nodular
shapes, if any, such as consolidation and bronchiectasis. To reduce
systematic bias for each observer, ULDCT and LDCT images were
randomly sorted into two reading sessions so that the images
for each case appeared only once in each session (for example,
if the LDCT images obtained for a case were in the ﬁrst session,
the corresponding ULDCT images for the same case were in the
second). Standard of reference (SOR) of the pulmonary nodules was
determined based on images obtained at 240 mA  with AIDR 3D by
the consensus readings of another 2 board-certiﬁcated radiologists
(M.T. and K.M., with 29 and 34 years of experience, respectively)
who did not participate in the detection study. The total reading
time during the reading session was recorded for each reader.
To estimate intra-observer variability of the continuously-
distributed rating scales on ULDCT images, ULDCT images in 20
cases selected arbitrarily as the distribution of nodular size and
characteristics (solid or ground glass nodules) is similar to that in
the total study population: 23 solid nodules and 7 ground glass nod-
ules were included, 3 cases had no nodules and 8 cases had two or
more nodules, were evaluated by ﬁve readers two times, separated
by an interval of more than a year. The intra-observer variance was
evaluated by Spearman correlation coefﬁcient for the rating scales
on identical images.2.5. Statistical analyses
The location of the nodule detected by each observer was com-
pared with that of SOR. Then, the observer’s detection was classiﬁed
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Fig. 2. This is an example of objective image noise measurement in the level of right inferior pulmonary vein (71-year-old woman). First, image data corresponding to this
level  were determined on each scan series. Second, 15 mm-quadrangular regions of interest (ROI) (white squares) were set on the right parenchyma based on anatomical
landmark such as vessel bifurcations. ROIs were carefully placed by the observer to avoid pulmonary bronchi and vessels. Measured standard deviations in ROI located in the
right  middle lobe on CT obtained at 240 mA with AIDR 3D (a), LDCT (b), ULDCT (c) and CT obtained at 20 mA without AIDR 3D (d) were 37.6, 51.0, 61.8 and 232.3 Hounsﬁeld
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ith  presumed cardiac motion.
s a true positive, if the closest distance between the detected nod-
le and its nearest SOR nodule was less than the LD of the SOR
odule, and it was  a false positive if not. For convenience, in case the
arkings recognized as false positives were located in the identical
ulmonary sub-segment as the SOR, the markings were regarded
o be located in a different sub-segment from the sub-segment in
hich the SOR existed.
able 1
bjective image noise.
AIDR 3D 
240 mA  
Objective image noise (Hounsﬁeld of unit)
Lung apics 86.4 ± 18.0 
Carina 55.3 ± 12.7 
Inferior pulmonary vein 57.9 ± 14.9 
Lung base 88.2 ± 25.0 
TAV: computed tomography attenuation value, AIDR 3D: adaptive iterative dose reduc
ose  computed tomography, ULDCT: ultra low dose computed tomography.
* Signiﬁcantly more than all the 3 CT scans with AIDR 3D.he left lung was  not measured, because of unreliablity in measurement associated
The nodule detection performance between ULDCT and LDCT
was compared in total as well as in each subgroup classiﬁed
according to the LD (>4 mm,  >6 mm  and >8 mm)  and nodular
characteristics (solid and non-solid), using receiver-operating char-
acteristics (ROC) analysis. As an index of observer performance,
we used the area under the ROC curve (AUC), which was calcu-
lated by the trapezoidal rule. We  performed the analysis of variance
FBP
120 mA  (LDCT) 20 mA (ULDCT) 20 mA
95.8 ± 18.8 88.2 ± 14.4 620.7 ± 209.3*
64.5 ± 13.7 74.2 ± 10.9 313.0 ± 118.5*
65.2 ± 13.7 75.4 ± 12.8 293.6 ± 113.9*
99.0 ± 23.5 99.3 ± 25.3 440.2 ± 145.6*
tion using three-dimensional processing, FBP: ﬁltered back projection, LDCT: low
Y. Nagatani et al. / European Journal of 
Fig. 3. Scheme of the three criteria met  by included pulmonary nodules in the detec-
tion study: (a) the longest diameter of a pulmonary nodule, represented as a dotted
line, is 3 mm or more; (b) the aspect ratio, the ratio of the longest diameter of pul-
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wonary nodule (A) to the shortest diameter of the pulmonary nodule (B), is less than
;  and (c) the height of a pleura-based pulmonary nodule is greater than the base of
he  nodule.
ANOVA) of pseudovalues of AUC computed by the jackknife anal-
sis method proposed by Dorfman et al. [21], which is designated
he Dorfman–Berbaum–Metz method. Sensitivity and positive pre-
ictive value (PPV) were compared between ULDCT and LDCT using
ilcoxon ranked sign test on a sub-segment basis.
As additional analyses with respect to the inﬂuence of body
abitus on images on ULDCT, Spearman rank correlation analysis
ere performed to assess the correlations of objective image
oise with body mass index (BMI), and comparisons among the
 series both in objective image noise were performed using one
ay factorial analysis of variance. When this test was  positive,Radiology 84 (2015) 1401–1412 1405
Turkey–Kramer test for pairwise comparisons among the 4 series
was applied. Sensitivity were compared in 2 sub-groups classiﬁed
according to the threshold value of 25 in BMI  between ULDCT and
LDCT using Wilcoxon ranked sign test on a sub-segment basis.
3. Results
3.1. Radiation dose assessment
The CTDIvol settings for 240 mA,  120 mA and 20 mA were 5.7, 2.8
and 0.5 mGy, respectively, in 46 patients with smaller and medium
proportion and 5.1, 2.6 and 0.4 mGy, respectively, in 37 patients
with larger proportion. Mean dose-length product values for 240,
120 and 20 mA  were 207.3, 102.1 and 17.0 mGy/cm, respectively.
Mean effective doses for 240, 120 and 20 mA  were 3.524, 1,736 and
0.289 mSv, respectively.
3.2. Objective measurement in the lung ﬁeld
At all measured levels, objective image noise on ULDCT was  sig-
niﬁcantly less than that on CT scans at 20 mA  without AIDR 3D
(p < 0.05). In the 3 CT scans with AIDR 3D, a higher tube current yield
less objective image noise at the level of carina, inferior pulmonary
vein and lung base (Table 1).
Objective image noise correlated positively with BMI  at all
measured levels on CT scans at 20 mA without AIDR. (p < 0.05) Coef-
ﬁcient correlations increased as the distance of measured level from
the lung apices. Signiﬁcant correlations were not observed in any
CT scan with AIDR 3D except for CT scans at 240 mA with AIDR 3D
at both level of carina and inferior pulmonary vein and LDCT at the
level of carina (Table 2).
3.3. Nodule detection study
As the SOR, 161 solid nodules and 60 ground-glass nodules were
identiﬁed, with the number of nodules per patient ranging from 1
to 9. The average number of nodules per patients was 3.0. The min-
imum and maximum LDs were 3.0 and 25.5 mm,  respectively, with
a mean LD of 6.25 mm.  The mean LDs of solid nodules and ground-
glass nodules were 5.71 and 7.63 mm,  respectively (Table 3).
The nodule detection performance of LDCT was  signiﬁcantly
better than that of ULDCT for all pulmonary nodules, as the AUC
was 0.845 ± 0.017 in ULDCT and 0.886 ± 0.024 in LDCT (p = 0.012),
whereas the PPV in ULDCT was rather similar to that in LDCT
(p = 0.08). There was a statistically signiﬁcant inter-observer vari-
ance in the nodule detection performance among ﬁve readers
(p < 0.001). The total reading time during the reading session was
10.2 ± 2.5 h (range, 7–14 h) (Table 4).
No statistically signiﬁcant difference in the nodule detec-
tion performance was demonstrated for solid nodules between
ULDCT and LDCT, irrespective of the nodular LD, as the AUC  was
0.844 ± 0.017 in ULDCT and 0.876 ± 0.026 in LDCT (p = 0.057). The
sensitivity was equivalent between ULDCT and LDCT in the entire
solid nodules (p = 0.08) (Table 5). ULDCT demonstrated comparable
sensitivity to LDCT for the solid nodules, in the subgroup with BMI
of 25 or more (p = 0.074) as well as that with BMI  of less than 25
(p = 0.225) (Table 6).
When conﬁned to the ground-glass nodules, the AUC was rather
similar between ULDCT (0.899 ± 0.038) and LDCT (0.941 ± 0.030)
for nodules with LD values of 8 mm or more (p = 0.144). However,
for nodules with LD < 8 mm,  ULDCT showed a signiﬁcantly smaller
AUC and lower sensitivity compared with LDCT (Table 7).In terms of intra-observer variance for the continuously-
distributed rating scales in 30 pulmonary nodules on ULDCT
images, the Spearman correlation coefﬁcients of the ﬁve readers
were 0.641 for reader-1 (p < 0.001), 0.762 for reader-2 (p < 0.001),
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Table  2
Correlations of objective image noise with body mass index.
AIDR 3D FBP
240 mA 120 mA (LDCT) 20 mA (ULDCT) 20 mA
Lung apics 0.162 0.211 0.037 0.409
(NS) (NS) (NS) (p < 0.001)
Carina 0.266 0.291 0.169 0.458
(p  = 0.015) (p = 0.008) (NS) (p < 0.001)
Inferior pulmonary vein 0.280 0.202 0.088 0.564
(p  = 0.010) (NS) (NS) (p < 0.001)
Lung  base 0.171 −0.077 −0.142 0.576
(NS) (NS) (NS) (p < 0.001)
AIDR 3D: adaptive iterative dose reduction using three-dimensional processing, FBP: ﬁltered back projection, LDCT: low dose computed tomography, ULDCT: ultra low dose
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with a greater number of ground-glass nodules is required; there
is another research project being conducted in the ACTIve study
groups to assess these subjects.
Table 3
Distribution of the number of lung nodules per patient and size distribution of lung
nodule.
Distribution of the number of lung nodules per patient
The number of lung nodules per patient Patient number
0 10
1  36
2  17
3  11
More than 4 9
Total 83
Size distribution of lung nodules
LD (mm)  SN GGN total
<4 48 9 57
4–6  74 22 96
6–8  19 10 29omputed tomography, NS: not signiﬁcant.
.559 for reader-3 (p = 0.001), 0.645 for reader-4 (p < 0.001), and
.652 for reader-5 (p < 0.001), and these indicated rather small
ntra-observer variances.
. Discussion
In this study, ULDCT (0.289 mSv) demonstrated comparable
ung nodule detection performance of the 161 solid nodules to
DCT (1.736 mSv) irrespective of the LD (Fig. 4). A mean sensitiv-
ty of ULDCT was  acceptable (70.3%) and 60 patients (72%) with
MI  value between 18.5 and 25 were classiﬁed as standard body
abitus by the categorization criteria of the World Health Organiza-
ion. Using ULDCT (0.17 mSv), Yamada et al. has reported that MBIR
as superior to FBP in nodule detection [22]. In another previous
tudy, ULDCT with MBIR (0.20 mSv) has shown comparable sensi-
ivity for 55 solid nodules (≥4 mm)  (mean value: 66.5%) to LDCT
0.92 mSv) with iterative reconstruction [18]. Even in smaller solid
odules (<4 mm),  which are recommended to be followed up at 12
onths from the initial CT for high-risk patients according to the
tatement from the Fleischner Society [23], this study revealed that
LDCT had a diagnostic performance equivalent to LDCT. The effec-
ive dose of ULDCT (0.289 mSv) is about 2× that of a standard PA and
ateral chest X-ray [24,25]. Considering that average effective dose
f National Lung Screening Trial (1.4 mSv) almost corresponded to
hat of LDCT in this study (1.736 mSv) [26], ULDCT may  represent
 less invasive alternative screening modality for solid nodules in
ases with standard body habitus. Moreover, detection sensitivity
or solid nodules in ULDCT (mean value 62.8%) was  comparable to
DCT also in overweight or obese sub-group (BMI ≥ 25). Objective
mage noise of the lung parenchyma did not correlate with BMI
n ULDCT. Therefore, ULDCT may  have potential to be solid nod-
le screening method irrespective of the body habitus. To concrete
hese results, a further study including more overweight or obese
ases may  be required.
High levels of PPV, equivalent to LDCT, were demonstrated in
LDCT in this study, which is another advantage of ULDCT as a
creening tool for pulmonary nodules. For all identiﬁed pulmonary
odules, PPV in ULDCT (mean value 78.7%) tended to be rather
igher than in LDCT in four readers. This paradoxical phenomenon
ould be explained by the following reasons. In ULDCT, some nod-
les looked highlighted in contrast to obscured normal peripheral
ung structures, (Fig. 5) and some faint shadows falsely recognized
s nodules in LDCT were removed in the image-noise differentia-
ion process with AIDR 3D in ULDCT. (Fig. 6) Less or comparable
bjective image noise shown in the lung apex and base in ULDCT
ompared with LDCT could reﬂect this paradoxical phenomenon.
urthermore, a quantum mottled pixelated appearance reported in
LDCT images with MBIR [27,28] was not apparent in ULDCT in this
tudy. Nonetheless, reader 3 showed a much lower PPV in ULDCT
han the other 4 readers, and the total reading time of reader 3 wasthe longest. Actually, many nodule-like shadows detected by reader
3 were mostly left unmarked by the other 4 readers. These nodule-
like shadows were misjudged as true lesions in ULDCT by blurring
branching structures such as vessel bifurcations which could be
recognized correctly in LDCT, however, their borders are indistinct
even with detailed observation. Therefore, they can easily be recog-
nized as false–positive lesions by less familiarity with ULDCT image
(Fig. 7).
Regarding ground glass nodules, the lung nodule detection per-
formance in ULDCT was inferior to that in LDCT in nodules with
LD of 8 mm or less. (Figs. 8 and 9) On the contrary, some previous
studies reported that ULDCT with MBIR (0.16–0.2 mSv) had the lung
nodule detection performance for ground glass nodules compara-
ble to LDCT with iterative reconstruction (0.92 mSv) or standard
dose CT (11.2 mSv) [18,29]. However, the detection sensitivity for
ground glass nodules in ULDCT with MBIR (65.5%) [18] was simi-
lar to that in this study (68.5%), and the mean size of ground glass
nodules in ULDCT with MBIR (9.24 mm)  [18] was larger than LD
of ground glass nodules in this study (7.63 mm). Therefore, effec-
tive dose elevation should be desirable for acquiring lung nodule
detection performance for relatively smaller GGNs with a diam-
eter of 5 mm or more, which is recommended to be followed
according to the guideline for ground-glass nodule management
by the Fleischner Society [30]. To conclude this issue, further study>8  20 19 39
Total 161 60 221
LD: longest diameter of the nodule, SN: solid nodule, GGN: ground-glass nodule.
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Table  4
Comparison of LNDP between ULDCT and LDCT in total lung nodules.
Reader area under ROC curve sensitivity (n = 221) PPV Reading time (h)
ULDCT LDCT ULDCT LDCT ULDCT LDCT
Reader1 0.854 0.894 71.95 (159) 80.54 (178) 81.12 76.72 12
Reader2 0.849 0.904 70.59 (156) 81.45 (180) 91.18 87.38 9
Reader3 0.853 0.876 74.66 (165) 78.73 (174) 48.25 49.57 14
Reader4 0.793 0.808 59.72 (132) 62.44 (138) 83.44 74.33 7
Reader5 0.874 0.947 75.57 (167) 90.50 (200) 89.30 87.72 9
Signiﬁcant (p = 0.012) Signiﬁcant (p = 0.043) NS (p = 0.080)
LNDP: lung nodule detection performance, ULDCT: ultra low dose computed tomography obtained at 20 mA,  LDCT: low dose computed tomography obtained at 120 mA,
ROC:  receiver operating characteristics, PPV: positive predictive value, NS: no signiﬁcant, Number shown in parentheses in sensitivity stands for nodule number detected by
each  of 5 readers.
Table 5
Comparison of LNDP between ULDCT and LDCT in solid nodules.
Area under ROC curve
Reader Total solid nodules More than 4 mm More than 6 mm
(n  = 161) (n = 113) (n = 39)
ULDCT LDCT ULDCT LDCT ULDCT LDCT
Reader1 0.848 0.892 0.913 0.947 0.986 0.956
Reader2 0.855 0.896 0.899 0.913 0.934 0.920
Reader3 0.856 0.864 0.894 0.887 0.960 0.947
Reader4 0.790 0.790 0.813 0.821 0.894 0.880
Reader5 0.872 0.937 0.912 0.949 0.934 0.960
NS  (p = 0.057) NS (p = 0.148) NS (p = 0.654)
Sensitivity
Reader Total solid nodules More than 4 mm More than 6 mm
(n  = 161) (n = 113) (n = 39)
ULDCT LDCT ULDCT LDCT ULDCT LDCT
Reader1 69.57 (112) 78.88 (127) 82.30 (93) 90.27 (102) 97.44 (38) 92.31 (36)
Reader2 71.43 (115) 79.50 (128) 80.53 (91) 83.19 (94) 87.18 (34) 84.62 (33)
Reader3 74.53 (120) 75.78 (122) 79.65 (90) 78.76 (89) 92.31 (36) 89.74 (35)
Reader4 60.87 (98) 60.25 (97) 63.72 (72) 65.49 (74) 79.49 (31) 76.92 (30)
Reader5 75.16 (121) 88.82 (143) 83.19 (94) 90.27 (102) 87.18 (34) 92.31 (36)
NS  (p = 0.080) NS (p = 0.080) NS (p = 0.414)
LNDP: lung nodule detection performance, ULDCT: ultra low dose computed tomography obtained at 20 mA,  LDCT: low dose computed tomography obtained at 120 mA,
ROC:  receiver operating characteristics, NS: no signiﬁcant, Number shown in parentheses in sensitivity stands for nodule number detected by each of 5 readers.
Table  6
Comparison of sensitivity between ULDCT and LDCT in 2 sub-groups classiﬁed according to the threshold of 25 in BMI.
Body mass index of less than 25
Reader Total (n = 168) solid nodule (n = 124) ground-glass nodule (n = 44)
ULDCT LDCT ULDCT LDCT ULDCT LDCT
Reader-1 73.21 (123) 81.55 (137) 72.58 (90) 79.84 (99) 75.00 (33) 86.36 (38)
Reader-2 73.81 (124) 79.76 (134) 75.80 (94) 77.42 (96) 68.19 (30) 86.36 (38)
Reader-3 75.60 (127) 80.36 (135) 74.19 (92) 76.61 (95) 79.55 (35) 90.91 (40)
Reader-4 61.90 (104) 61.31 (103) 62.90 (78) 57.26 (71) 59.09 (26) 72.73 (32)
Reader-5 76.79 (129) 91.67 (154) 77.42 (96) 90.32 (112) 75.00 (33) 95.46 (42)
NS  (p = 0.080) NS (p = 0.225) Signiﬁcant (p = 0.043)
Body  mass index of 25 or more
Reader Total (n = 53) Solid nodule (n = 37) Ground-glass nodule (n = 16)
ULDCT LDCT ULDCT LDCT ULDCT LDCT
Reader-1 67.92 (36) 77.36 (41) 59.46 (22) 75.68 (28) 87.50 (14) 81.25 (13)
Reader-2 60.38 (32) 86.80 (46) 56.76 (21) 86.49 (32) 68.75 (11) 87.5 (14)
Reader-3 71.70 (38) 73.58 (39) 75.68 (28) 72.98 (27) 62.50 (10) 75.00 (12)
Reader-4 52.83 (28) 66.04 (35) 54.06 (20) 70.27 (26) 50.00 (8) 56.25 (9)
Reader-5 71.70 (38) 86.79 (46) 67.57 (25) 83.79 (31) 81.25 (13) 93.75 (15)
Signiﬁcant(p  = 0.043) NS (p = 0.074) NS (p = 0.078)
ULDCT: ultra low dose computed tomography obtained at 20 mA, LDCT: low dose computed tomography obtained at 120 mA,  NS: no signiﬁcant, Number shown in parentheses
stands  for nodule number detected by each of 5 readers.
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Table  7
Comparison of LNDP between ULDCT and LDCT in GGNs.
Area under ROC curve
Reader Total GGNs More than 6 mm More than 8 mm
(n  = 60) (n = 29) (n = 19)
ULDCT LDCT ULDCT LDCT ULDCT LDCT
Reader-1 0.868 0.898 0.962 0.979 0.946 0.972
Reader-2 0.834 0.922 0.930 0.999 0.894 0.998
Reader-3 0.845 0.907 0.913 0.965 0.894 0.973
Reader-4 0.799 0.854 0.878 0.895 0.868 0.868
Reader-5 0.882 0.973 0.913 0.999 0.894 0.894
Signiﬁcant (p = 0.001) Signiﬁcant (p = 0.031) NS (p = 0.144)
Sensitivity
Reader Total GGNs More than 6 mm More than 8 mm
(n  = 60) (n = 29) (n = 19)
ULDCT LDCT ULDCT LDCT ULDCT LDCT
Reader-1 78.33 (47) 85.00 (51) 93.10 (27) 96.55 (28) 89.47 (17) 94.74 (18)
Reader-2 68.33 (41) 86.67 (52) 86.21 (25) 100.00 (29) 78.95 (15) 100.00 (19)
Reader-3 75.00 (45) 86.67 (52) 82.76 (24) 93.10 (27) 78.95 (95) 94.74 (18)
Reader-4 56.67 (34) 68.33 (41) 75.86 (21) 79.31 (23) 73.68 (14) 73.68 (14)
Reader-5 76.67 (46) 95.00 (57) 82.76 (24) 100.00 (29) 78.95 (15) 100.00 (19)
Signiﬁcant (p = 0.043) Signiﬁcant (p = 0.042) NS (p = 0.066)
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dNDP: lung nodule detection performance, GGN: ground-glass nodule, ULDCT: ultra l
btained at 120 mA,  ROC: receiver operating characteristics, NS: no signiﬁcant, num
eaders.
There are several limitations in this study. First, qualitative
mage assessment for the image noise was not analyzed because
his study mainly focused on the LND by ULDCT with AIDR 3D.
econd, although this research was conducted as multi-center
rial, the study population in this study was relatively small, and
urther studies with more patients as described above are required
o enhance these preliminary results. Third, the readers could
ecognize the radiation doses of the images to some extent due to
he image date sets being generally different in appearance even
n a blind fashion. This may  be a potential cause of reading bias.
ig. 4. Trans-axial images at the right lower lobe in a 68-year-old woman with a body
dentiﬁed in the right lower lobe (black arrow) in CT obtained at 240 mA  with AIDR 3D
istributed ratings in ULDCT were similar to those in LDCT in all 5 observers. This smaller se computed tomography obtained at 20 mA,  LDCT: low dose computed tomography
hown in parentheses in sensitivity stands for nodule number detected by each of 5
Fourth, the results obtained using only an iterative reconstruction
technique developed by a single vendor in this study may not be
adaptable to similar iterative reconstruction methods available
from other manufacturer. Further study will be needed to compare
the merit of iterative reconstruction technique from multiple
vendors for future lung nodule screening in ULDCT. Fifth, although
the 2 radiologists who  did not participate in the detection study
used measurement tool carefully on the monitor for measuring
the LD of smaller nodules, as necessary, to determine the SOR,
and the automated nodule measurement tool was  not used.
 mass index of 30.8. A smaller solid nodule with the longest diameter of 4.0 mm
 (a) is apparently recognized in ULDCT (d) as well as in LDCT (c), as continuously
solid nodule can be similarly detected in CT obtained at 20 mA without AIDR 3D (b).
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Fig. 5. Trans-axial images at the right lower lobe in a 71-year-old woman  with a body mass index of 21.9. A smaller ground-glass nodule with the longest diameter of
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a
l.2  mm identiﬁed in the right lower lobe (black arrow) in CT obtained at 240 mA  w
ung  structures such as smaller vessels, in ULDCT (d). Continuously distributed rati
ithout AIDR 3D (b), image noise is prominent in some regions compared with ULD
herefore, the LD measured in this study might be sometimes
naccurate. However, such measuring error is presumed to be too
mall to affect the comparability in ULDCT to LDCT as to solid
odule detection. Moreover, as a relevant issue, the inﬂuence
f the use of low dose and iterative reconstruction methods on
he automated-measured nodule volume was  not analyzed in
ig. 6. Trans-axial images at the right upper lobe in an 80-year-old man  with a body ma
rrow) and was marked by two readers (c). In CT obtained at 240 mA with AIDR 3D (a
ttenuated area (white arrow). In ULDCT (d), this slight attenuated area is indistinct and u
esion is also not apparent in CT obtained at 20 mA without AIDR 3D by getting uniﬁed wIDR 3D (a) appears rather highlighted, mainly thanks to vague normal peripheral
 ULDCT were higher than those in LDCT (c) in 3 observers. In CT obtained at 20 mA
this study and has to be assessed as another study in the future.
Sixth, we  did not evaluate LND by using maximum intensity
projection (MIP) thick slab images, which can be useful especially
for pulmonary solid nodule in ULCT. The usefulness of MIP  images
for the improvement of LND has to be examined in the future
study.
ss index of 19.8. Faint ground-glass nodular shadow seems to exist in LDCT (black
), obvious vessel structure can be detected superimposed on an ill-deﬁned slight
ndifferentiated with the circumferential lung ﬁeld (gray arrow). This false–positive
ith patchy-distributed image noise (b).
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Fig. 7. Trans-axial images at the right upper lobe in an 83-year-old man  with a body mass index of 22.0. An ill-deﬁned nodule-like shadow seems to exist in ULDCT (black
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Lrrow)  and was marked by a reader (d). This nodule-like shadow is not apparent i
odule-like shadow in ULDCT corresponds to peripheral pulmonary vessel bifurcat
btained  at 20 mA without AIDR 3D by getting uniﬁed with patchy-distributed ima
In conclusion, this study demonstrated that ULDCT using AIDR
D with a radiation dose equivalent to that of conventional chest
-ray could have comparable LND to LDCT with AIDR 3D, except
n smaller non-solid nodules, indicating that ULDCT with AIDR 3D
as potential for use in lung solid nodule screening for cases with
ormal range body habitus.
ig. 8. Trans-axial images at the right upper lobe in a 57-year-old woman with a body mas
dentiﬁed in the right upper lobe (black arrow) in CT obtained at 240 mA with AIDR 3D (a) i
atio,  presumably due to radiation dose deﬁciency. AIDR 3D improves this disadvantage
DCT  (c), as continuously distributed ratings in ULDCT were similar to those in LDCT in albtained at 240 mA  with AIDR 3D (a) as well as in LDCT (c), and the location of the
 these 2 images (white arrow). This false–positive lesion is also not apparent in CT
se (b).
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puted Tomography for the Investigation of Thoracic Diseases
(ACTIve) study, an ongoing multi-center research project in Japan.
Each of the eight institutions: Ohara General Hospital, Osaka
s index of 23.4. A smaller ground-glass nodule with the longest diameter of 4.0 mm
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, and this smaller non-solid nodule was easily detected in ULDCT (d) as well as in
l 5 observers.
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Fig. 9. Trans-axial images at the right lower lobe in a 62-year-old man  with a body mass index of 29.1. A smaller solid nodule with the longest diameter of 5.0 mm  identiﬁed
in  the right lower lobe (black arrow) in CT obtained at 240 mA  with AIDR 3D (a) was more difﬁcult to detect in ULDCT (d) than in LDCT (c). Continuously distributed ratings in
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